Abstract We investigate the layer formation of enzymatic cellulose by airbrush spray coating on silicon oxide surfaces. The layer structure and morphology of enzymatic cellulose films in the thickness range between 86 nm and 2.1 lm is determined as a function of the spray coating procedures. For each spray coating step, layer buildup, surface topography, crystallinity as well as the nanoscale structure are probed with atomic force microscopy and surfacesensitive X-ray scattering methods. Without intermittent drying, the film thickness saturates; with intermittent drying, a linear increase in layer thickness with the number of spray pulses is observed. A closed cellulose layer was always observed. The crystallinity remains unchanged; the nanoscale structures show three distinct sizes. Our results indicate that the smallest building blocks increasingly contribute to the morphology inside the cellulose network for thicker films, showing the importance of tailoring the cellulose nanofibrils. For a layer-bylayer coating, intermittent drying is mandatory. Graphical Abstract
Introduction
Cellulose-based films are excellent templates and coatings for bio-based applications due to their renewable and resource-saving characteristics. 1 This is owing to the fact that nanoscale subunits in terms of cellulose nanocrystals and cellulose nanofibrils can be extracted and used to form ultrastrong fibrillar materials. [2] [3] [4] Functionalization of cellulose films leads to flame-retardant, barrier as well as transparent devices based on cellulose. [5] [6] [7] [8] [9] [10] Cellulose layers can further be modified by spray coating of colloidal suspension to create superhydrophobic, yet transparent paper. 11 The quest to create conductive paper 12 can be achieved, for example, by incorporating carbon nanotubes. 13 Furthermore, by incorporating metal nanoparticles, three-dimensional surface-enhanced Raman scattering sensors were demonstrated. 14, 15 Cellulose serves as scaffold material, 16 barrier material, 5 a template for polyelectrolyte layers, 17 and even organic light-emitting diodes (OLEDs) can be installed on cellulose templates. 18 Furthermore, cellulose films can be used as membranes. 19 Functionalization via tin-doped indium oxide, carbon nanotubes and silver nanowires allows for creating transparent and/or conductive paper. 13, 20 Crucial for the aforementioned applications is the ability to fabricate coatings on a large scale and in a rapid way. Methods of coating cellulose include spincoating, dip-coating and spraying. 17, 21, 22 Cellulose substrates show a porous structure and thus themselves might be further functionalized via spray coating. 23 Spray coating itself is one method for layer-by-layer assembly in multilayered systems. 24 It has recently been applied to fabricating cellulose thin films. 22, 25 Such a layer-by-layer method offers the possibility of scalable and conformal fabrication and enables developments of hybrid materials. 26 In particular, spray coating methods allow for an easy incorporation into roll-to-roll (R2R) application. 27 It is not limited to a particular cellulose type. In addition to plant-based cellulose, there exist nonplant sources, e.g., bacterial cellulose, 28, 29 which could also be deposited via spray coating. This paper is structured as follows. First, the methods and procedures for data analysis used, namely surface-sensitive X-ray scattering and atomic force microscopy, as well as the procedures for analysis of grazing incidence data, are presented. The next section describes in detail the sample preparation, i.e., the cellulose nanofibrils isolation and the enzymatic cellulose thin film preparation. Afterward, the results from the topographical studies, the crystallinity, and the nanoscale structure and morphology are discussed. The paper concludes with a summary.
Methods
Surface-sensitive X-ray scattering X-ray diffraction and scattering are chosen to investigate the structure and morphology of cellulose thin films and fibers. 21, [30] [31] [32] [33] [34] [35] In grazing incidence scattering, the X-ray beam impinges under a low angle, typically a i < 1°onto the sample surface, [36] [37] [38] [39] see Fig. 1 . Grazing incidence small-angle X-ray scattering (GISAXS) was first introduced by Levine and coworkers. 40 The sample is mounted on a remotely controlled goniometer, allowing for adjusting the incident angle as well as the surface inclination perpendicular to the incoming beam. Additionally, the sample can be translated in ydirection and z-direction. The X-ray beam is characterized by the impinging wavevector k i : Schematic setup of the grazing incidence smalland wide-angle X-ray scattering (GIWAXS/GISAXS) geometry. While y/z denotes a real-space coordinate system, q y , q z denotes a reciprocal space coordinate system. The incident X-ray beam is characterized by the wavevector k i = 2p/k, with k being the wavelength. C denotes the cellulose sample. The scattered wavevector is denoted as k f . a i , a f , Y denote the angle of incidence, the exit angle, and out-of-plane angle (with respect to the scattering plane spanned by z and k i ). SDD(W, S) denote the distance of the sample to the detector for the GIWAXS and GISAXS case. IDG denotes the intermodule gap of the two-dimensional Pilatus detector. DBS(W, S) and SBS denote the beamstop for the direct beam for GIWAXS and GISAXS and the specular beamstop in GISAXS geometry. H denotes the sample horizon
The scattering wavevector k f * with an absolute value
k in the case of elastic scattering is considered here. The wavevector transfer is defined using the following equation
The three components of q * can be written in GISAXS geometry as
Typically, q x ( q y ; q z and can thus be neglected. The incident wave is scattered at electron density differences in the thin film. At a f = a i , the X-ray beam is specularly reflected following the simple laws of optics. In our case, this specular reflected beam is shadowed by a lead beamstop in order to avoid saturation of the detector. The diffusely scattered intensity is detected outside this area above the sample horizon (H). The scattered intensity is determined by reflection and refraction effects and the roughness of the film. The scattered intensity consists of a convolution of structure factors and form factors of the structures present inside the thin film. The structure factor S(q y , q z ) is determined by the spatial arrangement of the scattering centers, while the form factor F(q y , q z ) is by their shape, i.e., radius and height. The form factor is related to the electron density distribution of the thin film via:
An interference maximum between transmitted beam and incoming beam occurs when the incident or exit angle corresponds to the angle of total reflection a i,f = a c . The critical angle can be calculated as a c ¼ ffiffiffiffiffi 2d p / ffiffiffi q p where the dispersion d is related to the complex index of refraction via n = 1 À d + ib. b denotes the absorption and q the density of the material. This interference maximum is called Yoneda peak 41 and can be calculated as a maximum in the Fresnel transmission coefficients. 42 It should be noted that GISAXS offers the opportunity for analyzing buried structures 43, 44 as well as complex nanostructures. 45, 46 Atomic force microscopy For characterization of surface morphology and probing film thicknesses, atomic force microscopy (AFM), using an NT-MDT NTEGRA Aura system equipped with HA_NC tips (tip curvature radius < 10 nm), was applied in tapping mode under ambient conditions. A scratch was done at the center of samples, and three AFM images for each sample were recorded at the scratch position. The height difference from substrate to layer surface was measured at 10-15 positions for each AFM image. The mean value of these height measurements is taken as the film thickness with the corresponding standard deviation. Root-mean-square (rms) roughness of the cellulose films was calculated from the surface height profile of 3 AFM images at different spots of the samples with an image size of 15 lm 9 15 lm.
Procedures for analysis of grazing incidence data
The grazing incidence small-angle X-ray scattering (GISAXS) as well as the corresponding wide-angle scattering (GIWAXS) signal of cellulose films was recorded to gain information about the inner film morphology and crystallinity. The measurements were taken at beamline P03 47 of PETRA III storage ring at DESY (Hamburg, Germany). The X-ray beam had a wavelength k = 0.97 Å and a beam size of 22 lm 9 16 lm (horizontal 9 vertical). A two-dimensional (2D) scattering pattern was recorded using a Pilatus 1 M detector (981 9 1043 pixel, pixel size 172 lm 9 172 lm) in GISAXS and Pilatus 300 k detector (487 9 619 pixel, pixel size 172 lm 9 172 lm) in GIWAXS geometry. The sample-to-detector distance (SDD) for GI-SAXS and GIWAXS was determined to be SDD GISAXS = 4976 mm ± 2 mm and SDD GIWAXS = 139 mm ± 0.2 mm, respectively, using silver behenate (AgC 22 H 43 O 2 ), Lanthanhexaborid (LaB6) standard and the d-spacing of cellulose according to French. 48 The angle of incidence (a i ) was set to a i = 0.42°± 0.01°. This is well above the critical angle (a c ) of cellulose with a c,cellulose = 0.117°leading on one hand to clear separation of the Yoneda 41 region from the specular reflected beam that is covered with a beamstop (SBS in Figs. 1,  4a ). On the other hand, the high angle of incidence allows for probing thick layers, since the scattering depth at the Yoneda region of cellulose is already in the micrometer range for this material system.
The square samples were placed with two edges parallel to the X-ray and were aligned close to the edges of the substrate to avoid unnecessary beam exposure during alignment at the measurement area as much as possible. Half of the substrate ($ 7 mm 9 20 mm) was then scanned in GISAXS geometry and the other half in GIWAXS geometry with a step size of 0.1 mm by translating the sample through the beam in y-direction (see Fig. 1 ). The single-image exposure was 0.1 s for GISAXS and 0.5 s for GIWAXS, respectively. Preliminary GISAXS measurements at one position outside the scanned areas were recorded to evaluate beam damage of cellulose layers by acquiring 100 images of nominal 0.1-s exposure time. To assess the beam damage, the images taken after different total exposure were compared to each other. These beam damage measurements demonstrated that the cellulose layers can withstand an exposure of 2 s at the applied beam intensity and energy. Thus, we assure that the chosen exposure time did not affect the samples. To increase statistics while maintaining the exposure below the beam damage limit, we summed up 30 images for further analysis. Data reduction was performed by extracting one-dimensional intensity distributions I(q y ) and I(q z ) using the software DPDAK. 49 
Sample preparation

Cellulose nanofibril preparation
Enzymatic cellulose was prepared following Henriksson et al. 50 Never-dried spruce sulfite pulp (Nordic Paper Sä ffle, Sweden) was treated with the enzyme mono-component cellulase FiberCare R (Novozymes, Denmark). For the nanofibrillation, the enzymetreated pulp was processed on an M-110EH Microfluidizer (Microfluidics, USA) at 800 bar through a chamber system of 400 and 200 lm in diameter for 3 cycles, followed by 1800 bar through a chamber system of 200 and 100 lm in diameter for 5 cycles. Concentration was determined to be 15 ± 2 g/L by weighing of a droplet before and after drying.
Thin film preparation
The polished silicon wafer substrates (Si-Mat, 20 mm 9 20 mm) were cleaned with acetone in ultrasonic bath for 10 min prior to rinsing with acetone, isopropanol, methanol and deionized water. The precleaned substrates were kept in acid bath [60 mL H 2 O, 140 mL H 2 O 2 (concentration 30%) and 304 mL H 2 SO 4 (concentration 96%)] at 80°C for 15 min. Later, they were rinsed with deionized water to remove residual acid and stored in a water bath until further processing. This cleaning procedure leads to a hydrophilic surface. 51 Right before coating with cellulose, the substrates were dried with compressed N 2 . As precursor solution, we used enzymatic cellulose nanofibrils dispersed in water with a concentration of 15 ± 2 g/L (1.2 wt%). The initial dispersion was further diluted in H 2 O to a final concentration of 0.3 wt% cellulose in water. Due to the nanometer size of the cellulose fibrils, solutions exceeding concentrations of 0.5 wt% show highly viscous behavior and are not suitable for spraying as they might block the spray nozzle of the airbrush system used. Hence, we chose a concentration of 0.3 wt% cellulose in water to balance between wearout of spray device and efficient material deposition suitable for industrial application. For spraying of cellulose thin films, a commercial airbrush spray nozzle (Harder & Steenbeck, model Grafo T3) was installed above the sample position. [52] [53] [54] [55] [56] [57] The sample-to-nozzle distance (SND) was set to 15 cm. We used an N 2 pressure of p = 1 bar and a spray rate of (0.10 ± 0.01) mL/s. The sample was kept at room temperature. We performed short spray pulses of 0.4 s with breaks of 0.1 s. The effect of increasing number of spray pulses on the morphology of cellulose thin films is the focus of this work. We compared samples of different spray protocols: 1, 2, 4, 8, 10, 12, 15, 20, 30, 50 and 100 pulses performed with breaks (interposition time) of 0.1 s which is not sufficient for drying of the film. In comparison, samples with 20, 50 and 60 pulses were prepared with $ 30-min breaks after each 10 pulses; these breaks allowed for complete drying of the film.
Results and discussion
Topographical information
The AFM images show a dense cellulose nanofibril network for all sprayed samples, as demonstrated in Figs. 2a-2c for samples prepared with 1, 8 and 30 spray pulses. Individual fibrils can be identified in all images. For spraying at normal incidence, no preferential orientation is expected which is in agreement with the experimental results. Already for a spray time of 0.4 s (single spray pulse), the cellulose network is fully closed. In Fig. 2d , the film thickness is displayed as a function of spray pulses. The thickness increases linearly up to a layer thickness of $ 1200 nm, corresponding to 30 spray pulses. For a higher number of spray pulses, we observe a slight decrease in film thickness though more material is deposited. For this unexpected behavior, two reasons are possible: (1) compaction of cellulose film due to higher material deposition and (2) loss of solution sprayed onto the sample due to liquid shear for high amounts of solution and thus thick liquid films. From the AFM measurements, one cannot identify whether (1) or (2) is more likely; however, during the deposition a radial shearing of the liquid was visually observed giving evidence for the second reason. With interposition of drying time, e.g., in this study after each tenth spray pulse (gray symbols in Fig. 2d ), this decrease in film thickness is impeded such that higher cellulose film thicknesses can be fabricated up to $ 2.5 lm for the analyzed spray protocol. The root-mean-square (rms) roughness of the sprayed cellulose films is presented in Fig. 2e against the film thickness. We observe an increase in the rms roughness with increasing cellulose thickness for thin layers-up to a critical thickness of $ 800 nm. For thicker cellulose layers the surface roughness is constant at values around 50 nm. Since the thinnest cellulose layer (below 100 nm) already exhibits an rms roughness of (21 ± 2) nm, we conclude that the cellulose surface roughness is uncorrelated with the underlying substrate roughness which is below 2 nm for the polished Si substrate. This fact is especially interesting for certain industrial applications such that sprayed cellulose films can be deposited onto various substrates maintaining their surface characteristics, to a certain extent, independent of substrate morphology.
Crystallinity
To analyze the crystallinity of cellulose nanofibril layers, we performed GIWAXS measurements. A typical two-dimensional (2D) GIWAXS pattern of a cellulose film is displayed in Fig. 3a tion to q xy ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi q 2 x þ q 2 y q and q z was performed using the software GIXSGUI. 58 Please note that for GISAXS (see ''Structure and morphology'') typically q x > q y , q z holds and thus q xy reduces to q y in GISAXS. In the GIWAXS data, we assigned the hkl values as well as the d-spacing according to the work of Nishiyama et al. 59 Due to the arrangement of cellulose chains to fibrils, the (200) reflection is most pronounced in the cellulose films. Additionally, the (1 10) and (110) reflexes are visible. The 2D pattern clearly shows that sprayed cellulose layers display strong texturing, since the reflections have a strong dependence on the azimuthal angle: the intensity of the (1 10), (110) as well as (200) reflections is higher in the out-of-plane direction than in the in-plane direction. Hence, we may assume that the nanofibrils lay on the surface and are not standing upright, which is corroborated by the AFM images. In order to analyze the influence of the increasing cellulose film thickness on the GIWAXS signal, we plot the integrated intensity of the peaks as a function of layer thickness (see Fig. 3b ). As expected, the integrated intensity increases linearly with increasing layer thickness. This is due to the fact that more material with constant crystallinity is deposited in the spray process. Neither their structure nor fibril morphology seems to change during the spray deposition process. This allows a direct monitoring of the deposited film thickness.
Structure and morphology
In Fig. 4a , a typical GISAXS pattern of a sprayed cellulose film onto an Si substrate is presented. Both the direct beam (red cross) and the specular reflected beam-denoted by SBS-are covered with a beamstop. In the cellulose scattering signal, we observe a gradual decrease in signal intensity with increasing q y and distance from Yoneda region of cellulose (red box). The strong scattering intensity around q y = 0 nm À1 can be mainly attributed to scattering from the polished Si substrate and mesoscale, unresolved structures (see also Fig. 4b ). To further analyze the GISAXS data, we performed linecut integrations along the horizontal (red) and vertical (green) direction, as indicated in Fig. 4a . The cuts for different cellulose layer thicknesses are shown in Figs. 4b and 4c . Both graphs demonstrate an increase in scattering intensity with larger layer thickness which is more pronounced for high q-values. The higher scattering intensity for larger q-values indicates the existence of an increasing number of small structures, both in lateral and horizontal direction, leading to scattering to high q-values.
The nominal critical angle of cellulose is a c,cellulose = 0.117°, the one of Si is a c,Si = 0.140°, and the one of SiO 2 is a c,SiO2 = 0.135°. The Yoneda peak positions are marked in Fig. S2 .
The sponge-like structure mentioned in reference (60) network or sponge-like structure is well known from photovoltaics, and we apply this concept for the first time to CNF films, as outlined now. Fitting of the Yoneda peak position from the vertical cuts using a Gaussian function (see supplementary information) resulted in values for the critical angle between a c = 0.110°± 0.001°and a c = 0.126°± 0.001°which is, within a 10% deviation, in good agreement with the theoretical value for cellulose. This behavior is expected for a closed network 60 which corresponds to the findings from the AFM measurement. This provides further evidence that the thin CNF film can be considered as a closed network with rather uncorrelated surface topology compared to the substrate. Therefore, we cannot make a conclusion on the porosity from these findings.
For further quantification of the structure sizes and relative contributions, we performed fitting of the horizontal cuts applying a cylindrical model as described elsewhere. 61 In short, the scattering intensity for a single structure is considered as a convolution of form factor F(q) of an upright standing cylinder in Born approximation (BA) and a structure factor S(q) for paracrystalline domains 62 at constant q z 63 :
The cylinder radius R as well as the cylinder distance D were subjected to the fitting procedure. Furthermore, size distribution and disorder was accounted for by introducing normal/Gaussian probability distribution of radius and next-neighbor distance. The final model consisted of the summed scattering intensity I j (j = 1, 2, 3) of three different structures, with radii R 1 , R 2 , R 3 and distances D 1 , D 2 , D 3 , respectively. To account for finite resolution of experimental measurements, 47 a Gaussian shaped resolution function was added, contributing mainly to the intensity distribution at low q y < 0.05 nm À1 . In Figs. 5a and 5b the experimental linecuts (see Fig. 4b ) are shown: (a) for a thin (86 nm ± 31 nm) and (b) for a thick (1201 nm ± 138 nm) cellulose layer together with the modeled intensity and the contribution of the three structures (black, blue, and red lines) as well as the resolution peak (violet). The form factor is displayed as the solid line, and the structure factor as the dashed line. Comparing the fit results for different cellulose layer thicknesses, we observe, within the error range, constant structure sizes (R 1 , R 2 and R 3 ) and distances (D 1 , D 2 and D 3 ) as summarized in Table 1 (for more details see SI). Especially for the largest structure size, the structure factor is constant in the region where the form factor declines. This follows for well-separated objects, having a much larger nextneighbor distance than the object diameter. This behavior is less pronounced for the intermediate structure.
For the smallest structure, the form factor and structure factor are affecting each other in terms of developing the scattering intensity, which is expected for close-packed objects. 64 The resulting structure size distribution is summarized in Figs. 5c and 5d showing the structures' distances (c) as well as radii (d). Here, the size distribution intensities correspond to the intensities found for the 86 nm ± 31 nm cellulose layer presented in Fig. 5a . However, we found the same structure sizes and distances in all the cellulose samples; the relative intensity contribution of different structure sizes changes with the cellulose thickness, as the comparison of the horizontal linecuts for different cellulose layer thicknesses (see Fig. 4b ) suggests. For quantification, we examined the relative intensity of the different structures, which is presented in Fig. 6 . The diagram summarizes the normalized relative intensity of small structure to large structure: I 3 /I 1 , I 3 / I 2 and I 2 /I 1 , displayed against the cellulose thickness. All three graphs show a linear increase in relative intensity with cellulose thickness. A linear fit resulted in a slope of: (3.2 ± 0.3) 9 10 À4 nm À1 for I 2 /I 1 , (3.7 ± 0.8) 9 10 À4 nm À1 for I 3 /I 2 and (4.4 ± 0.6) 9 10 À4 nm À1 for I 3 /I 1 . Thus, the increase in relative intensity with cellulose layer thickness is highest for the ratio I 3 /I 1 , comparing the smallest structure intensities I 3 with the largest structure intensities I 1 . Furthermore, the ratio of the intermediate structure I 2 to the largest structure I 1 resulted in the smallest slope. Hence, the relative increase in the smallest structure signal I 3 is by a factor of 1.4 higher compared to the intermediate structure signal I 2 . These results demonstrate the relative increase in smaller structures with increasing cellulose thickness.
Our analysis yields three structural sizes (radii) 13 ± 1, 5.5 ± 1.0, and 2.8 ± 0.5 nm, respectively. Similar sizes have been found recently for TEMPO cellulose dispersions using transmission SAXS. 34 Spray deposition in the geometry employed here does not induce a preferential ordering in the dried cellulose film as is seen in the AFM images (Figs. 2a-2c) . The model of cylinders for quantitatively analyzing the GISAXS data employed thus assumes rotational symmetry of the CNFs within the footprint of the beam. 52, 61 Using the trimodal distribution allows for fitting the curves. The model using cylinders was only applied to the lateral cuts for extraction of lateral structure sizes. Hence, the cylinder length is not taken into account within this model. The cellulose fibrils have a length in the lm range. These sizes are included in the resolution function, and we refrain from modeling separately larger morphologies with radii > 100 nm which are approaching the resolution limit. A sketch for visualization of the extracted length scales is added in fig. S5 in the SI, depicting a hierarchical structure of the fibrils consisting of smaller CNFs. We interpret the two smallest radii as fibrils with two distinct diameters. An assembly of these CNFs yields a larger structure, which might eventually build up the fibrils observed in AFM.
The linear increase in the ratio I j /I k (j > k) might be interpreted as follows: Firstly, the enzymatic cellulose dispersion contains fibrils with different diameters; secondly, the large-and medium-sized structures might consist of the observed smaller-sized structures. This arrangement of fibril into larger entities might occur during deposition. Figure 6 thus shows that with increasing thickness this agglomeration seems to be less likely. In other words, the smallest building blocks increasingly contribute to the morphology inside the cellulose network for thicker films, showing the importance of tailoring the cellulose nanofibrils.
Summary
We have investigated the layer formation of enzymatic cellulose via spray coating. For the first time, we employed a combination of different real-space and reciprocal space analysis methods: AFM yielded the surface topography, while GIWAXS and GISAXS Presented are the radii R and distances D with distributions for the three structures, fitted to horizontal linecuts of GISAXS pattern from Si/cellulose layers (see Fig. 4 5 ) displayed as a function of cellulose layer thickness. Depicted is the intensity ratio from structure 3 to structure 1 (black boxes), structure 3 to structure 2 (gray triangles), and structure 2 to structure 1 (light gray circles) together with a linear fit representing the increase in relative scattering contribution of small structures allowed for correlating the deposited layer thickness with the layer nanostructure. Depending on the spray coating procedure, the layer morphology changed. Closed networks with thicknesses in the range from 86 nm to larger than 1 lm were achieved. The layers seem to be a closed network. At the same time, a roughness of 50 nm (rms) was observed. The nanostructure consists of three sizes (13 ± 1, 5.5 ± 1.0, 2.8 ± 0.5 nm) in close-packed small entities to wellseparated medium and large entities. The crystalline signal (GIWAXS) shows a linear increase, being consistent with constant deposition during each spray cycle. Our results allow for an understanding of the spray coating of fibrillated cellulose layers on smooth surfaces. For a layer-by-layer coating, interposed drying is mandatory. Future investigations will include the study of the in situ and real-time spray coating processes using time-resolved surface-sensitive X-ray scattering.
